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ABSTRACT. - Melatonin is the time-keeping molecule of vertebrates. The daily and annual variations of its rhythmic 
production allow synchronizing metabolism, physiological functions and behaviour to the environment changes. In fish, 
melatonin is produced by the photoreceptors of the pineal organ and retina as well as by other retinal cell types in the inner 
nuclear and ganglion cell layers. In most species, the melatonin rhythm displays a high-at-night profile, resulting from the 
circadian control of the arylalkylamine N-acetyltranferase (AANAT) activity. AANAT is the penultimate enzyme in the 
melatonin biosynthesis pathway. This review summarizes our current knowledge on the molecular and cellular mecha¬ 
nisms controlling the rhythmic production of melatonin, as well as on the targets and modes of action of the hormone in 
fish, with special emphasis on neuroendocrine functions. 


RESUME. - La melatonine, l’hormone “donneuse de temps” : biosynthese et roles chez les poissons. 

La melatonine est la molecule donneuse de temps des vertebres. Les variations journalieres et annuelles de sa pro¬ 
duction rythmique permettent la synchronisation des metabolismes, fonctions physiologiques et comportements sur les 
changements de l’environnement. Chez les poissons, elle est produite par les photorecepteurs de l’organe pineal et de la 
retine de meme que par des cellules retiniennes des couches nucleaire interne et ganglionnaire. Chez la plupart des espe- 
ces etudiees, les taux de melatonine sont eleves de nuit et faibles de jour. Ce rythme resulte du controle par des horloges 
circadiennes de l’activite arylalkylamine N-acetyltranferase (AANAT), l’avant-demiere enzyme de la voie de synthese 
de la melatonine. Ici sont resumees les connaissances actuelles sur les mecanismes moleculaires et cellulaires du controle 
rythmique de la production de melatonine, ainsi que sur les cibles et modes d’action de l’hormone chez les poissons, en 
particular sur les fonctions neuroendocrines. 
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From the molecule to the cell, from the organ to the 
organisms, and also from organisms to populations, all the 
activities of living organisms are rhythmic. In a great major¬ 
ity of cases, these rhythms are synchronized to the daily and 
annual variations of light and temperature. In fish, photope¬ 
riod is the main factor that synchronizes daily activities, 
including locomotor activity, schooling behaviour, seda¬ 
tion, skin pigmentation, food intake, oxygen consumption or 
thermal preference. Other factors, such as temperature also 
play a key role by modulating these oscillations. The sea¬ 
sonal changes of the external parameters of the environment 
also contribute to synchronize periodic functions displaying 
annual rhythms such as growth and reproduction. In order 
to face these daily and annual variations fish as other living 
organisms have developed specific captors as well as inter¬ 
nal time keeping biological clocks. The so-called circadian 
clocks (circa = about; dian = day) free-run under constant 
conditions and allow anticipating the daily changes of pho¬ 
toperiod and temperature, so that the right event will occur 
at the right time. Similarly, circannual clocks predict annual 


changes. It is of upmost importance that birth and growth 
occur at the most favourable periods of the year, in order to 
ensure an optimal survival. The functional organization of 
the circannual system is far less understood than the organi¬ 
zation of the circadian system (Bradshaw and Holzapfel, 
2007; Paul et al., 2008). The latter includes a core clock 
mechanisms, input pathways to synchronize it and output 
pathways that inform the organism. 

In fish, the retina and pineal organ are full cellular cir¬ 
cadian systems; they integrate the photoperiodic and ther¬ 
mal information, and this allows synchronizing the molecu¬ 
lar clock machinery that drives the rhythmic production of 
messengers. Melatonin is one such a signal now considered 
as the ‘time-keeping’ hormone or ‘needle’ of the biologi¬ 
cal clocks. Indeed, melatonin production by both organs is 
rhythmic and reflects the prevailing photoperiod. There 
are however several important differences between these 
organs. The first difference is that only pineal melatonin is 
released into the cerebrospinal fluid (CSF) and blood, thus 
acting as a hormonal messenger for the rest of the organism. 
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Figure 1. - Melatonin fluctuations. Daily profiles of melatonin con¬ 
tent in the pineal organ and plasma under long and short days, and 
in the retina as a function of species. The position of the names 
indicates whether the peak is diurnal, nocturnal or intermediate. 
Grey boxes: darkness. 


Conversely, retinal melatonin is a local (autocrine/paracrine) 
modulator, which is eventually metabolized locally. Another 
difference lies in the pattern of melatonin production. The 
production by the pineal organ is exclusively nocturnal 
(Fig. 1): its duration reflects the duration of the night and 
its amplitude depends on the ambient temperature. In con¬ 
trast, retinal melatonin may be produced at night, or during 
the day or at the inter-phases, depending on the species or, 
within the same species, on the season (Fig. 1). Whatever 
it is, melatonin is a perfect indicator of the time of the day 


Figure 2. - Melatonin biosynthesis pathway in the pineal. The 
daily rhythms of the corresponding compounds or enzymes are 
indicated on the right hand column. AAAD: aromatic aminoacid 
decarboxylase; AANAT: arylalkylamine N-acetyltransferase; D: 
dark (black box); FilOMT: hydroxyindole-O-methyltransferase; 
L: light; TpOFl: tryptophane hydroxylase. Modified from Falcon et 
a/., 2007a. 


and year. The present review deals with the processes that 
control the rhythmic production of melatonin by the pineal 
gland and retina; it provides indication that other central and 
peripheral tissues might also be producing the hormone in 
fish. We finally discuss the modalities through which mela¬ 
tonin impacts on fish physiological regulations. 


MELATONIN BIOSYNTHESIS PATHWAY 

The melatonin biosynthesis pathway starts with the 
hydroxylation of tryptophan catalyzed by the tryptophan 
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Figure 3. - Distribution of the arylalkylamine N-acetyltransferases in prechordates and vertebrates. Arrows indicate whole gene duplication 
events. AANAT evolution hypothesis tree was mapped on a phylogenetic tree adapted from Ravi and Venkatesh (2008) and Santini et al. 
(2009). 


hydroxylase (TPOH). The 5-hydroxy tryptophan is then 
decarboxylated by the aromatic amino-acid decarboxy¬ 
lase (AAAD) to produce serotonin. The arylalkylamine 
N-acetyltransferase (AANAT) catalyses the conversion of 
serotonin to N-acetylserotonin, which is then O-methylated 
by the action of the hydroxyindole-O-methyltransferase 
(HIOMT) to produce melatonin (Fig. 2; Klein et al., 1997; 
Falcon et al., 2007a, 2010). Melatonin biosynthesis is only 
part of the indole metabolism pathway in the pineal organ 
and retina. Indeed, the oxidative deamination of serotonin 
by the monoamine oxidase (MAO) can also lead to the for¬ 
mation of 5-hydroxyindole acetic acid and 5-hydroxy try pto- 
phol, which may in turn be methylated by HIOMT. Finally, 
melatonin can be deacetylated in situ to produce 5-methox- 
ytryptamine and 5-methoxytryptophol (Falcon et al., 1985a; 
Yanez and Meissl, 1995). 

Teleost fish are unique because they possess at least two 
forms of AANAT, unlike all other vertebrates, probably as a 


result of genome duplication (Jaillon et al., 2004) (Fig. 3). 
The so-called AANAT1 and AANAT2 display tissue spe¬ 
cific distribution: AANAT1 is more specifically expressed 
in the retina and brain, whereas AANAT2 is more specifi¬ 
cally expressed in the pineal organ. Recently, the genome 
analysis of two species of pufferfish ( Takifugu rubripes and 
Tetraodon nigroviridis ) and of the medaka ( Oryzias latipes) 
revealed that three AANAT genes are present: AANAT2 and 
two AANAT1, termed la and lb (Coon and Klein, 2006). 
This has implications in terms of photic regulation of mela¬ 
tonin production. 

THE SITES OF MELATONIN BIOSYNTHESIS 
The pineal organ 

The first studies dealing with the teleost pineal organ 
emphasized its role in melatonin production as well as its 
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photoreceptive characteristics, and it soon appeared it was 
involved in the control of functions and behaviours display¬ 
ing daily rhythms (for reviews see: Ekstrom and Meissl, 
1997; Falcon, 1999; Falcon et al., 2007b, 2010). The organ 
is an evagination of the roof of the diencephalon, which usu¬ 
ally resembles a vesicle sometimes large enough to cover 
the whole cerebral hemispheres and olfactory bulbs (Fig. 4). 
The lumen of the organ communicates with the 3 rd ventri¬ 
cle, although this might not be always the case (Omura and 
Oguri, 1969). It is surrounded by fenestrated blood vessels 
that do not enter the epithelium. It lacks a blood-brain bar¬ 
rier, so that the epithelium is exposed to the haemal envi¬ 
ronment in its basal part, and to the cerebrospinal fluid in its 
apical part (Falcon, 1979; Omura et al., 1985). The pineal 
vesicle is located in a pit where the skull is usually thinner 
and translucent, and the skin that covers it is less pigmented 
(Fig. 4); all this points to adaptations that favour light entry. 
This is observed even in fish as big as the Atlantic bluefin 
tuna Thunnus thynnus, which brain is located deep below the 
skull with a cartilaginous tube driving the pineal vesicle up 
to the skull. 

The pineal epithelium contains photoreceptors cells that 
resemble the retinal cone photoreceptors, both on a structural 
and a functional point of view. They possess the machinery 
for the phototransduction cascade, including the chromo- 
phores and different types of opsins, transducin, arrestin, and 
a cyclic nucleotide-gated (CNG) channel operated by cyclic 
GMP (cGMP); also, the lipid environment is similar, and dif¬ 
ferent from other neuronal and non-neuronal structures, with 
a particularly rich polyunsaturated fatty acids (PUFA) envi¬ 
ronment (Henderson et al., 1994; Ekstrom and Meissl, 1997; 
Falcon, 1999; Decressac et al., 2002; Falcon et al., 2007a). 
Fight capture by the photopigment molecules eventually 
results into cell hyperpolarization. One particularity of the 
pineal cone is that the kinetics of the response to light are 
slower compared to the retinal cone (Meissl and Ekstrom, 
1988); and, the membrane potential reflects the ambient 
level of illumination in the pineal. The photoreceptors estab¬ 
lish synaptic contacts with ganglion cells (or second order 
neurons) that send their axons to the brain, through a pineal 
nerve tract (Fig. 4). Interstitial cells make the third main cell 
type of the pineal epithelium, which so resembles a simpli¬ 
fied retina. The neurons that leave the pineal organ convey 
an electrical message at night that results from the release of 
an excitatory neurotransmitter from the depolarized photore¬ 
ceptor cells. Fight induced hyperpolarization of the photore¬ 
ceptor inhibits the release of the neurotransmitter and thus 
the discharges of the pineal neurons. The response is inten¬ 
sity dependent over a wide range (6 to 9 log units; Falcon 
and Meissl, 1981). 

In addition to the excitatory neurotransmitter, the pho¬ 
toreceptors also produce melatonin because the compounds 
(tryptophan, serotonin and melatonin) and the enzymes 


mRNA and/or proteins (AANAT, HIOMT, MAO) of the 
indole metabolism appear located in these cells (Falcon and 
Collins, 1985; Falcon et al., 1985b, 1994). As mentioned 
before, the pineal organ photoreceptors express mainly 
Aanat2; in vivo and in vitro transient expression analyses 
indicated that the Aanat2 promoters contain the necessary 
elements to drive expression in the pineal gland (Appelbaum 
et al., 2004; Zilberman-Peled etal., 2007). 

The retina and the brain 

The morphofunctional analogies between the pineal and 
retinal photoreceptors, have led to believe that retinal mela¬ 
tonin biosynthesis occurred in photoreceptor cells. Indeed, 
both Aanat and Hiomt are expressed in the outer nuclear 
layer (ONE; Besseau et al., 2006). However, the same study 
also revealed co-expression of both enzymes in at least two 
other cells types, one in the basal inner nuclear layer (INF), 
the other in the ganglion cell layer (GCF), supporting a pre¬ 
vious study showing that a melatonin-like compound was 
present in both the ONE and the INF. All these cell types 
express Aanatl (or Aanatla and Aanatlb) not Aanat2 (Bes¬ 
seau et al., unpubl. data). These data suggest, although they 
do not prove definitively, that melatonin biosynthesis is not 
a specific property of photoreceptor cells. In this regard, it 
is noteworthy that regulation of melatonin secretion differs 
substantially in the fish retina compared to the vertebrate 
pineal gland. Indeed, if a nocturnal pattern of melatonin 
secretion is seen in some species, in others the peak is diur¬ 
nal or changes throughout the season (Falcon et al., 2010; 
Fig. 1). Retinal melatonin is not released but rather is acting 
in an autocrine/paracrine manner. 

Interestingly the Aanatl family of genes is also expressed 
in some discrete brain areas, either alone or together with 
Hiomt. This includes the telencephalon, diencephalon (and 
particularly the preoptic nuclei [NPO]), optic lobes and cere¬ 
bellum. The pituitary gland also expresses AANAT (authors 
unpubl. data). 


THE REGULATION OF MELATONIN 
BIOSYNTHESIS BY THE PINEAL ORGAN 

Nocturnal melatonin production 

Melatonin is produced in a rhythmic manner by both 
the pineal organ and retina (Falcon et al., 2007a, 2009). In 
both cases the synthesis is controlled by the environmental 
LD cycle. This is achieved through controlling the rhythmic 
activity of AANAT, as is the case in all vertebrates investi¬ 
gated so far (Klein et al., 1997). However, there are notice¬ 
able differences between these organs. Pineal AANAT activ¬ 
ity and melatonin content increase at night and decrease dur¬ 
ing the day, and plasma melatonin levels fluctuate as in the 
pineal because the hormone is highly lipophylic and crosses 
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easily the cell membrane. These daily rhythms also fluctu¬ 
ate in a seasonal manner with the duration being short under 
long photoperiod and long under short photoperiod (Fig. 1; 
Kezuka et al., 1988; Masuda et al., 2003; Vera et al., 2007; 
Strand et al., 2008; Seth and Maitra, 2010); the amplitude 
also changes on an annual basis but variations depend on 
the species investigated. Thus, the melatonin signal, which 
reflects the prevailing photoperiod, provides the animal with 
accurate information on daily and calendar time. 

In vitro, the release of melatonin by fish pineal glands 
or photoreceptor cells cultured under a LD cycle reflects 
the pattern observed in vivo in the pineal organ and plasma 
(Bolliet et al., 1997; Falcon et al., 1992, 2007a) (Fig. 5). 
And, unexpected light at night decreases pineal melatonin 
content and release, both in vivo and in vitro. The amplitude 
of the response to light is proportional to the intensity of the 
stimulus (Zachmann et al., 1992; Max and Menaker, 1992; 
Bolliet et al., 1995; Bayarri et al., 2002). Spectral sensitiv¬ 
ity curves indicate melatonin production is highly sensitive 
to blue and green wavelengths (Max and Menaker, 1992; 
Bayarri et al., 2002), as is the case for the nervous message. 
Beside this general scheme, studies indicate that in some 
species the control by light may also rely on light perceived 
through retina, either partially of even exclusively (Migaud 
etal., 2007; Martinez-Chavez etal., 2008, Martinez-Chavez 
and Migaud, 2009; Nikaido et al., 2009; Fig. 6). The modal¬ 
ities of the regulation of the pineal melatonin secretion by 
light caught by the retina remain to be elucidated. In mam¬ 
mals, the photic information perceived through the eyes is 
conveyed through a retino-hypothalamic tract (RHT), to the 
suprachiasmatic nuclei of the hypothalamus (SCN), where 
the master circadian clocks reside; from there, a multisyn- 
aptic pathway (hypothalamic paraventricular nuclei [PVN] 
preganglionic neurons of the sympathetic nervous system 
superior cervical ganglion [SCG]) connects the SCN to the 
melatonin producing units of the pineal gland (Simonneaux 
and Ribelayga, 2003). In birds, both the direct (pineal) and 
indirect (retinal) pathways mediate the effects of light on 
the pineal melatonin secretion. It is possible that the situa¬ 
tion observed in some teleost fish species reflects the exist¬ 
ence of a convergent evolution with tetrapods. The large 
anatomical diversity observed in the pineal organ of fish as 
well as the presence, in some species, of more or less “rudi¬ 
mentary” photoreceptors, pinealopetal innervations or cat- 
echolaminergic control of melatonin secretion (see below), 
might be pieces of this “evolutionary puzzle” (Falcon et al., 
2010 ). 

Another interesting feature observed in most teleost fish 
investigated is the presence of a photoreceptor cell circadi¬ 
an clock system (Bayarri et al., 2004a; Bolliet et al., 1995, 
1996, 1997; Cahill, 1996; Iigo et al., 1994; Molina Borja et 
al., 1996; Okimoto and Stetson, 1999; Oliveira et al., 2008, 
2009), which allows maintaining a rhythmic melatonin out¬ 


put even under constant darkness (DD), with a period that 
approximates 24 h (Fig. 5). In culture, the shape of the cir¬ 
cadian oscillations depends very much on the cell density in 
the wells. Too high or too low densities induce rapid damp¬ 
ening, which could result from uncoupling between the cel¬ 
lular circadian units due to lack of cellular communication 
in the first case, or accumulation of some uncoupling agent 
in the second case. Because melatonin biosynthesis is inhib¬ 
ited by illumination, the endogenous rhythm is not observed 
under constant light (LL). Salmonid fish, as well as tilapia 
(Oreochromis mossambicus ) and sole ( Solea senegalensis), 
are exceptions because melatonin oscillations cannot be 
detected under DD (Gern and Greenhouse, 1988; Thibault et 
al., 1993; Iigo et al., 2007; Nikaido et al., 2009; Oliveira et 
al., 2009). The absence of circadian oscillations in these spe¬ 
cies could results from a dysfunction of the molecular clock, 
or of the pathway linking the clock to the output studied. 

Irrespective of the strategies that regulate melatonin 
secretion, one common feature is that all regulations involve 
the AANAT as detailed below. The rhythm in melatonin bio¬ 
synthesis results from the rhythmic activity of AANAT2. 
Both, the rhythms of AANAT activity and melatonin pro¬ 
duction can be superimposed in vivo or in vitro. In contrast, 
HIOMT activity remains rather constant throughout the LD 
cycle (Falcon et al., 1987; Morton and Forbes, 1988). 

Several arylalkylamine N-acetyltransferases (AANAT) 
in teleost fish 

The cloning of fish AANATs soon indicated that teleost 
fish are unique among vertebrates because they express two 
or even three AANAT genes that define two main families 
(Falcon et al., 2007a, 2009) (Fig. 3). It is believed that a first 
round of whole genome duplication at the base of the teleost 
fish lineage is at the origin of the AANAT 1 and AANAT2 
families of enzymes (see above). The appearance at some 
point of the teleost fish evolution, of two AANAT1 (AANA- 
Tla and AANATlb) remains yet unexplained (Coon and 
Klein, 2006). This situation is unique among vertebrates. 
Most interestingly, the different AANAT families exhibit 
tissue specific expression. Thus, AANAT2 is specifically 
expressed in the pineal organ; it has no equivalent in other 
vertebrate classes. The AANATla and AANATlb enzymes 
are expressed in the retina and discrete brain areas; AANA¬ 
Tla and AANATlb are more similar to the AANATs found 
in other vertebrates. Studies in the zebrafish indicated that 
two regions of the Aanat2 gene allow the pineal specific 
expression; one is located in the 5’-flanking region, and the 
other 6 kb downstream the transcribed region (Appelbaum 
et al., 2004). The encoded AANAT1 and AANAT2 proteins 
have distinct affinities for serotonin and differ in their rela¬ 
tive affinities for indole-ethylamines versus phenyl-ethyl- 
amines (Falcon et al., 1996a; Coon et al., 1999; Benyassi et 
al., 2000; Zilberman-Peled et al., 2004). 
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Figure 4. - The fish pineal organ. Above: schematic 
presentation of a sagittal section through the pike 
(Esox lucius ) brain showing the pineal vesicle above 
the cerebral hemispheres (ch) and olfactive bulbs 
(ob). The pineal stalk, containing the nervous tract, 
connects to the brain at the level of the upper dien¬ 
cephalon, between the habenular commissure (he) 
and subcommissural organ (sc), ds: dorsal sac; pi: 
pineal lumen; vt: velum transversum. Adapted from 
Falcon, 1979. Below: dorsal view of the head of a 
polar cod ( Boreogadus saida) showing the depig- 
mented area around the pineal window (in the cir¬ 
cle). 


non-pigmented 
pineal window 




Days in culture 

Figure 5. - Circadian production of melatonin by pike ( Esox lucius) 
cultured photoreceptor cells in vitro. From Bolliet et al., 1997, with 
publisher’s permission. Grey boxes: darkness. 

The arylalkylamine N-acetyltransferase2 (AANAT2), the 
enzyme of the melatonin rhythm 

Regulation of pineal AANAT2 operates at the transcrip¬ 
tion, traduction and post-traduction levels (Fig. 7). In most 
of the fish species investigated, AANAT2 transcripts abun¬ 
dance varies, under control by the photoreceptor circadian 
clock (Begay et al., 1998; Coon et al., 1999; Gothilf et al., 



Clock time 

Figure 6. - Light/dark variations of plasma melatonin content in the 
tilapia ( Oreochromis mossambicus). The daily rhythm is observed 
in control (CONT) and sham-operated (SHAM) animals; it is no 
longer observed in eyectomized (EYEX) or optic trac sectioned 
(CUT) fish. From Nikaido et al., 2009, with publisher’s permis¬ 
sion. 

1999). This rhythm is 3-4 h phase advanced compared to 
the rhythms in AANAT protein amount and activity. How 
the circadian time-keeping mechanism operates and is 
entrained by light is beyond the scope of this review (see 
Cahill, 2002; Korf et al., 2003; Sato et al., 2004). We shall 
just recall that the machinery is based on a molecular feed- 
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Figure 7. - Schematic presentation of the control of melatonin production in the fish pineal photoreceptor cell. Morning light (yellow 
arrow) synchronizes the activity of the molecular circadian clock via induction of Per. In turn, the CLOCK/BMAL dimer induces expres¬ 
sion of the Aanat2 gene (yellow arrows), which in turn induces production of the AANAT2 protein. Protein accumulates only at night 
because light induces AANAT2 protein degradation (blue arrows). Temperature modulates the amplitude of the nocturnal surge (double 
headed arrow). For details see text. 


back loop consisting of two heterodimers, PER/CRY act¬ 
ing as repressors, and BMAL/CLOCK acting as activators, 
and additional interlocking loops. Several copies of each 
actor exist in fish; thus, in zebrafish four Per, six Cry, three 
Clock and three Bmal genes have been cloned (Cahill, 2002; 
Hirayama et al., 2003; Vallone et al., 2004). Light resets the 
circadian clock, through a morning induction of Per2 in the 
zebrafish (Ziv et al., 2005), and this light-induced expres¬ 
sion determines the phase of the oscillations (Vuilleumier 
et al., 2006) (Fig. 7). The subsequent later induction of the 
CLOCK/BMAL heterodimer initiates transcription of the 
Aanat2, through responsive elements in the gene regulatory 
sequence (Appelbaum et al., 2004, 2005; Appelbaum and 
Gothilf, 2006; Zilberman-Peled et al., 2007). The de novo 
synthesis of AANAT protein is paralleled by an increase in 
activity and a rise in melatonin production but only late in 
the evening, when light intensity decreases and at night. A 
key regulator in this response is intracellular calcium (Ca ++ ), 
which accumulates in the dark and is depleted upon illu¬ 
mination as a result of photoreceptor depolarization and 
hyperpolarization, respectively (Falcon et al., 1992, 2001). 
It is believed that a Ca ++ induced AANAT2 phosphoryla¬ 
tion protects AANAT2 from degradation; this involves both 


cAMP-dependent and cAMP-independent mechanisms (Fal¬ 
con, 1999). Upon dephosphorylation AANAT2 is degraded 
through the proteasome. 

Non-photic regulation of arylalkylamine 
N-acetyltransferase-2 (AANAT2) and melatonin 
secretion 

There is to date no evidence indicating that other factors 
than photoperiod act on the phase of the rhythms of AANAT2 
activity and melatonin secretion. However, external and 
internal factors may contribute to modulating the amplitude 
of the nocturnal increase. The main external factor is temper¬ 
ature, which fluctuates on a daily and seasonal basis (Fig. 7). 
The effects of temperature are species dependent and there is 
a good correlation between the peak of activity and the fish 
optimal physiological temperature. Temperature acts direct¬ 
ly on the pineal gland through yet unidentified mechanisms. 
Good candidates could be membrane sensors that control 
Ca ++ entry in photoreceptors (Seebacher and Murray, 2007; 
Myers et al., 2009). Another possible target is the AANAT2 
protein itself; indeed, studies on recombinant enzymes have 
shown distinct responses of the AANAT2 expressed proteins 
to temperature (Falcon et al., 1996a; Coon et al., 1999; Ben- 
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yassi et al., 2000; Zilberman-Peled et al., 2004). In contrast, 
AANAT1 enzymes respond similarly to temperature with a 
maximum of activity at 37°C. It is possible that specificities 
in the one- and three-dimensional structures of the AANAT2 
proteins determine the response to temperature by affecting 
the enzyme kinetics. Whatever it may be, any change in tem¬ 
perature, related to husbandry conditions or global warming, 
may have dramatic consequences on the time-keeping sys¬ 
tem of fish. 

The role played by internal factors in the control of mela¬ 
tonin production has received little attention. The data avail¬ 
able are limited to few fish species, so that no general rule can 
be extrapolated (review in Falcon et al ., 2007a). These factors 
include hormones, neuromodulators and neurotransmitters. 
The hormones that modulate melatonin secretion are mela¬ 
tonin itself and steroids. Because melatonin receptors have 
not been identified in the fish pineal the effects are probably 
the result of an interference with some metabolic pathway. In 
contrast, receptors to 17-B-estradiol and glucocorticoids are 
expressed in the trout pineal gland, which mediate inhibition 
of AANAT2 (cortisol) and melatonin production (cortisol and 
17-6-estradiol) at night (Begay et al., 1993, 1994; Benyassi 
et al., 2001). A few studies have shown the involvement of 
endogenous neuromodulators (adenosine, GABA) and neu¬ 
rotransmitters (catecholamines) in the control of melatonin 
secretion (Ekstrom et al., 1987; Falcon et al., 1988, 1991, 
1992; Meissl et al., 1993,1994). The existence of a catecho- 
laminergic control in the pineal gland of some fish but not 
in others indicates there is diversity in the strategies devel¬ 
oped by teleost to control melatonin secretion. Whether this 
is related to the observation that some fish need the eyes to 
regulate melatonin secretion, while others do not, remains a 
matter of speculation (Falcon et al., 2010). 

ROLE OF THE PINEAL ORGAN AND MELATONIN 

Melatonin, a time-keeping molecule in fish 

Investigations on the role of the pineal organ and mela¬ 
tonin in fish started four decades ago using classical physi¬ 
ological approaches. From these studies, it became obvi¬ 
ous that the pineal organ and its hormone contribute to the 
regulation of behaviour, metabolism and physiology, many 
of them displaying daily and/or seasonal rhythmic patterns. 
These include shoaling, locomotor activity, vertical migra¬ 
tion, food intake, sedation (sleep), thermal preference, skin 
pigmentation, modulation of hypothalamic monoamines, 
plasma and hepatic lipid, glucose and steroids content, Ca2 + 
metabolism and bone structure, growth, reproduction and 
perhaps horizontal migration and osmoregulation (Falcon et 
al., 2007b, 2010; Skold et al., 2008) (Fig. 8). 

Whatever the topic investigated, a great amount of con¬ 
fusion has always surrounded the studies dealing with the 


effects of melatonin. Many reasons account for this. One 
reason is that fish represent a huge amount of species living 
from temperate to extreme environments, and that a great 
interspecies variability exists. For example, the role of the 
pineal in the control of locomotor activity seems to strongly 
depend on the position of the pineal gland in the hierarchy of 
organs expressing circadian clock activities because pinea- 
lectomy can induce either a total loss of circadian locomotor 
rhythm, or a change of the period of this rhythm, or fragmen¬ 
tation of the rhythm into several components, depending on 
the species (Underwood, 1989). Another reason is that mela¬ 
tonin is an output of the circadian clocks, which production 
reflects the integration of predictable (cyclic), and unpre¬ 
dictable, environmental changes (light and photoperiod, 
temperature, salinity). As such, melatonin impacts on many 
functions, including most probably the biological clocks, as 
is the case in mammals (Falcon etal., 2007b). The result is 
that the effects may vary depending on the time of day or 
year even within a same species. For example, the rhythm 
of food intake in the Mediterranean sea bass ( Dicentrarchus 
labrax), which is usually diurnal, can switch to nocturnal for 
unknown reasons (Sanchez-Vazquez et al., 2000). 

A breakthrough in the understanding of the role mela¬ 
tonin plays in fish was achieved after it became possible to 
localize the sites of melatonin binding as well as the sites 
of expression of the genes encoding the melatonin receptors 
after these were cloned. This is illustrated in the following 
chapters, which are far from giving an exhaustive view on 
our current knowledge on the effects of melatonin in fish. 
For more details, the reader is directed to read the reviews 
of these latest years (Boeuf and Falcon, 2002; Soengas and 
Aldegunde, 2002; Falcon et al., 2007b, 2010; Lopez-Olmeda 
and Sanchez-Vazquez, 2010; Migaud et al., 2010; Oliveira 
and Sanchez-Vazquez, 2010; Reiter et al., 2010). 



Figure 8. - Daily locomotor activity and spawning rhythms in 
zebrafish. Under a 14L:10D (black bar) photoperiod, fish display 
a daily rhythm in locomotor activity and spawning. Feeding time 
(arrow) affects the former not the latter. From Blanco-Vives and 
Sanchez-Vazquez (2009) with publisher’s permission. 
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Melatonin receptors 

Studies reporting the cloning, expression and regulation 
of melatonin receptors remain anecdotic when compared to 
those dealing with 125I-[2-iodo]-melatonin (125IMel) bind¬ 
ing (Boeuf and Falcon, 2002). From the cloning experiments, 
at least three high affinity receptor subtypes have been iden¬ 
tified, the MT1, MT2 and Mellc receptors, which belong to 
the seven transmembrane-domain-G-protein-coupled family 
of receptors (Gaildrat et al., 2002; Park et al., 2007a, 2007b; 
Sauzet et al., 2008; Confente et al., 2010; Herrera-Perez et 
al., 2010). 

The high affinity receptors display a widespread distribu¬ 
tion in the brain (including central nervous system and pitui¬ 
tary gland), retina and peripheral tissues (including gills, 
kidney, liver, intestine, skin and gonads) (Falcon, 1999; 
Falcon et al., 2007b, 2010; Kulczykowska et al., 2006; Con¬ 
fente et al., 2010; Herrera-Perez et al., 2010). In the brain, 
gene expression or 125IMel binding is associated with areas 
that receive or integrate information from sensory organs. 
These include the olfactive bulbs, pretectal area, glomerular 
complex, optic tectum, torus longitudinalis, and thalamus. A 
conspicuous expression is also detected in neuroendocrine 
regions including the ventral telencephalon, preoptic area 
(NPO), and hypothalamus. And, melatonin receptors are 
also evident in the ganglionic cell layer of the cerebellum as 
well as in the hindbrain, in particular in the oculomotor and 
trigeminal nuclei and the reticular formation. This suggests 
an important role of melatonin receptors in the mediation 
of melatonin actions in visual/light integration, mechanore- 
ception, somatosensation, eye-body motor coordination, 
and integrative and neuroendocrine functions. It is remark¬ 
able that the receptors are often associated with areas, which 
receive innervations from the retina or pineal organ or both 
as is the case for the NPO (Ekstrom and Meissl, 1997). This 
indicates that the NPO, which is involved in the control of 
pituitary function and thus of important neuroendocrine reg¬ 
ulations, integrates light information from various sources. 
And, it could itself be a photo-detector because it expresses 
molecules of the visual cascade (opsins, transducin, arrestin; 
refs in Falcon et al., 2007b). It is interesting that there is no 
melatonin binding sites in the optic tectum, diencephalon 
and cerebellum of Coryphaenoides armatus, a deep-sea 
teleost fish species that receives no information from solar 
light (Smith et al., 1996). Overall, the number of binding 
sites in these fish is lower than in surface-dwelling fish, and 
is restricted to areas associated with chemo- and mechano- 
perception. 

It seems that the impact of melatonin depends not only 
on its daily and seasonal release, but also on the amount of 
receptors available at a given time of day or year. This may 
vary from a species to another and, within a same species, on 
the tissue investigated or age. Indeed, significant light/dark 
(LD) variations of 125IMel binding characteristics (Bmax 


and/or KD) have been reported to occur in whole brain 
preparations or specific brain areas [e.g., sea bream ( Spa- 
rus aurata ), pike (Esox lucius), catfish (Silurus asotus) and 
sole (Solea senegalensis )] (Falcon et al., 1996b; Iigo et al., 
1997; Gaildrat et al., 1998; Oliveira et al., 2008); Bmax was 
observed either during day or at night. No or non-significant 
variations have been observed in masu salmon ( Onconrhyn- 
chus masu; Amano et al., 2006) and sea bass brains ( Dicen- 
trarchus labrax; Bayarri et al., 2004b). Most interestingly, 
the variations in 125IMel binding observed under LD where 
maintained under constant LL or DD in pike (Gaildrat et al., 
1998). Variations in melatonin receptors expression have 
also been reported in brain areas, with maximum levels of 
mRNA occurring at night or night-to-day transition in the 
rabbitfish (Siganus punctatus ; Park et al., 2007a, 2007b), 
goldfish (Carassius auratus; Ikegami et al., 2009a), grass 
puffer (Takifugu niphobles ; Ikegami et al., 2009b), and sole 
(Solea senegalensis; Confente et al., 2010). In the dien¬ 
cephalon and optic tectum of the sole and grass puffer, abun¬ 
dance of mRNA corresponding to the melatonin receptors 
varied on a daily and annual basis. However, the shape of the 
oscillations varied from one brain area to another. The study 
in the sole further demonstrated annual variations in MT1, 
MT2 and Mellc mRNA abundance as well as amplitude of 
the daily rhythms (Confente et al., 2010) supporting bind¬ 
ing data on the sea bass showing seasonal and circannual 
variations in 125IMel binding in some brain areas (Bayarri 
et al., 2010). This indicates that complex daily and seasonal 
mechanisms control the expression of melatonin receptors in 
the fish brain, which may involve circadian and circannual 
clocks. The localization of these clocks remains to be eluci¬ 
dated; the fact that 125IMel binding remained rhythmic in 
the brain of pike maintained under constant light indicates 
pineal melatonin is not necessarily involved in this circa¬ 
dian control. In addition to light and circadian clocks, tem¬ 
perature and salinity are likely to impact melatonin binding 
(Lopez Patino etal., 2008; Lopez-Olmeda etal., 2009; Fal¬ 
con and Boeuf, unpubl. data). In addition to the brain, other 
tissues such as the retina and pituitary also displayed daily 
and annual variations (review in Confente et al., 2010). 

Melatonin and the brain pituitary axis 

The fish NPO occupies a pivotal position in the network 
of photo-neuroendocrine regulations (Falcon et al., 2007b). 
On the one hand, it integrates photoperiodic information 
from the retina and pineal organ through a nervous pathway, 
and from the pineal organ through a hormonal (melatonin) 
pathway (Fig. 9): (i) the nervous input from the pineal organ 
provides information on rapids changes in environmental 
light from above (due to upwards and downwards move¬ 
ments, shadows or changes in water turbidity); (ii) the nerv¬ 
ous input from the retina informs on light and shapes per¬ 
ceived from the horizontal plane; and, (iii) melatonin pro- 
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PINEAL ORGAN 



Figure 9. - Photoperiodic and melatonin control of the neuroendocrine axis. The basal diencephalon receives innervations from the retina 
and pineal organ (blue arrows) two structures containing circadian oscillators synchronized by photoperiod (yellow arrows). Direct light 
sensitivity and circadian activity might also be present in the brain. In some species a nervous link connects the retina to the pineal gland 
(interrupted blue arrow; e.g., tilapia).Melatonin from the retina acts locally. Melatonin from the pineal gland is released in the CSF and 
plasma. In the basal diencephalon it modulates dopamine (DA) release, which contributes to mediate its effects on gonadotropins release 
by the pituitary gland. Possible effects of melatonin on GnRH and kisspeptin (kp) cells are not excluded. Melatonin also targets the pitui¬ 
tary gland and peripheral tissues. In the pituitary, it modulates GH and PRL release. Possible effects on other pituitary hormones are not 
excluded. 


vides temporal information (day-length and seasonal). On 
the other hand, neurons from the NPO convey monoamin- 
ergic (dopamine, serotonin) and/or peptidergic information 
to the pituitary gland. The latter corresponds to peptides 
(isotocine, arginine-vasotocine) that reach the neurohypo¬ 
physis and releasing factors that control the activity of the 
pituitary cells, including the pituitary adenylate cyclase 
peptide (PACAP), and growth hormone (GH) releasing hor¬ 
mone (RH), gonadotropines (Gn)-RH, and corticotrophin- 
RH. These observations suggest that several of the reported 
effects of melatonin are mediated through an interaction with 
the hypothalamic control of pituitary function. 

Reproduction 

There is, to date, indirect evidence supporting that mela¬ 
tonin might modulate reproduction by targeting the NPO, 
as suspected for long. However, the mechanisms involved 
remain unclear. Indeed, melatonin administration induces 


pro- or anti-gonadal effects in fish or may even have no effect 
at all. This depends on the species studied, sex, season, dose 
or way of administration (Zachmann et al., 1992; Mayer et 
al., 1997; Falcon et al., 2007b, 2010). What appears clear 
is that melatonin impacts on FSH and LH pituitary produc¬ 
tion as shown in the Pacific salmon ( Oncorhynchus mason), 
where melatonin administration reduced pituitary GnRH and 
luteinizing hormone (LH) content but stimulated pituitary 
follicle stimulating hormone (FSH) content (Amano et al., 
2004). More direct evidence was provided by studies in the 
Atlantic croaker ( Micropogonias undulatus), in which intra¬ 
ventricular administration of melatonin in the PO A decreased 
the LH release by the pituitary gland in animals with fully 
developed gonads (Kahn and Thomas, 1996). Finally, recent 
studies in goldfish, carp and eel have revealed that melatonin 
might act on gonadotropins release by modulating the activ¬ 
ity of the dopamine system DA (Popek et al., 2005, 2006, 
2010; Sebert et al., 2008; Dufour et al., 2010) (Fig. 9). 
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Growth 

It has been known for long that photoperiod controls fish 
growth, which relies on the secretion of growth hormone 
(GH) by the somatotrophs of the pituitary gland. This control 
is a process that involves both stimulatory (e.g., dopamine, 
thyrotropin releasing hormone [TRH], GH-releasing fac¬ 
tor) and inhibitory (e.g., norepinephrine, serotonin, somato¬ 
statin [SRIF], GH) agents (see Boeuf and Falcon, 2002 for 
details). Melatonin may affect GH secretion through control¬ 
ling upstream regulatory factors, including dopamine (as is 
the case for reproduction) and other factors as serotonin, in 
agreement with the observation that melatonin administration 
modulates dopamine and serotonin hypothalamic content. 
Melatonin may also target the pituitary gland itself (Falcon 
et al., 2007b, 2010). Melatonin receptors are present in the 
fish pituitary, and previous conflicting data might result from 
species-dependent variations or, most likely, from daily and/ 
or seasonal variations in expression of these receptors (Con- 
fente et al., 2010); this likely renders their detection difficult 
at some times of the day or year, and easier at others. Indeed, 
melatonin was shown to modulate in vitro cyclic AMP 
(cAMP) content and GH release at some times of the year but 
not at others in cultured trout pituitary glands (Falcon et al., 
2003). The effects of melatonin are complex because daytime 
(i.e., low) plasma melatonin concentrations induced inhi¬ 
bition, whereas night time (i.e., high) melatonin concentra¬ 
tions induced stimulation, of GH release. In the same species 
short- or long-term melatonin treatments inhibited similarly 
pituitary PRL release in vitro in a dose-dependent manner. 
These results are consistent with the observations that plasma 
GH and PRL levels vary on a daily and seasonal manner in 
fish (Falcon et al., 2003; Fig. 9). 

Melatonin and the retina 

Binding sites for melatonin have been identified in the 
fish retina, which were shown to display daily variations in 
some species, not in others (Bayarri et al., 2004b; Amano et 
al., 2006; Lopez Patino et al., 2008; Oliveira et al., 2008). 
Melatonin receptors cloning provided a more accurate view 
of the receptor subtypes expressed, which also varies from a 
species to another (Park et al., 2007a, 2007b; Sauzet et al., 
2008; Confente et al., 2010). Real time quantitative PCR 
provided evidence that expression varied on a daily basis in 
goldfish, rabbitfish, goldfish and sole, excluding Mellc in the 
latter (Park et al., 2007a, 2007b; Ikegami et al., 2009b; Con¬ 
fente et al., 2010). The daily variations were under circadian 
control in the rabbit fish (Park et al., 2007a). Usually high¬ 
er mRNA abundance is seen at night or end of the night. In 
addition annual variations have also been evidenced. In the 
sole, the LD variations in MT1 and MT2 receptors expres¬ 
sion were observed only in spring, not at the other seasons 
of the year; and, the overall amount of mRNA abundance 
also varied differently depending on season and subtype 


investigated (Confente et al., 2010). This would indicate 
complex actions of melatonin in the retina, which depends 
on the melatonin secretion profile as well as on the type of 
receptors expressed at a given time of the day and year. It 
may also depend on the cell types that express the receptors. 
Indeed, in situ hybridization studies indicated that the MT1 
and MT2 receptors mRNA of the sea bass retina are seen in 
the ONL, basal INL and GCL (Sauzet et al., 2008). Actu¬ 
ally, these areas correspond to those where expression of the 
melatonin biosynthesis enzymes, AANAT and HIOMT, are 
also seen suggesting melatonin is an autocrine and/or para¬ 
crine modulator in the retina (Besseau et al., 2006). Recep¬ 
tors of the MT1 and MT2 subtypes are also expressed in 
the retinal pigment epithelial cells (RPE). The localization 
in the RPE and different layers of the neural retina support 
the idea that melatonin is a modulator of visual function as 
discussed extensively elsewhere (Sauzet et al., 2008). In the 
RPE melatonin might control chemotactic cellular move¬ 
ments, pigment migration and phagocytosis of photorecep¬ 
tor outer segment membranes. In the neural retina, melatonin 
controls photoreceptor disk shedding and movements, circa¬ 
dian clock, sensitivity to light, modulation of neurotransmit¬ 
ter release, and more (for details see Ribelayga et al., 2004; 
Ping et al., 2008; Sauzet et al., 2008). 

CONCLUSIONS AND PERSPECTIVES 

Melatonin is the key time-keeping hormone in fish 
where it has multiple effects, including the synchroniza¬ 
tion of metabolism, physiology and behaviour to the daily 
and annual variations of the environment. It is produced by 
the retina and the pineal organ, which share many common 
properties. In teleost, each organ has, however, its own set 
of biosynthesis genes, as is the case for the AANAT genes, a 
unique situation among vertebrates. And, only pineal mela¬ 
tonin is released into the blood stream and CSF. Whereas 
the mechanisms of melatonin biosynthesis by the pineal 
organ are quite well understood, the situation is more com¬ 
plex in the retina, where melatonin seems to exert autocrine/ 
paracrine effects related to visual function, and in a species- 
dependent manner. Also intriguing is the observation that 
the melatonin enzymes are expressed in different brain areas 
raising the question of their role. In the pineal gland, the 
strategies developed by the different fish species all result in 
a nocturnal surge in melatonin secretion. The photoreceptor 
cells involved in this production may or may not express a 
functional circadian clock, and may or may not receive input 
from the retina. They must be viewed as multi-effectors cells, 
which activity is modulated not only by photoperiod, but 
also by temperature, hormones and neurotransmitters. The 
elucidation of the effects of temperature is a challenge of the 
forthcoming years, which appears of crucial importance in 
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the context of the global warming. Also a better understand¬ 
ing of how melatonin acts on the fish brain and peripheral 
organs requires extended, all year long, morphofunctional 
studies, coupling the identification of the cellular melaton¬ 
in targets with in vivo and in vitro pharmacological, physi¬ 
ological and behavioural studies. In this regard, the “omics” 
approaches should be of great help. These approaches should 
help elucidating the effects and modes of action of melatonin 
on reproduction, growth or feeding and may be also unravel 
other possible targets, including stress and immunity. 
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